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Abstract
We discuss how cosmic strings can be created in heterotic M-theory compactifica-
tions with stable moduli. We conclude that the only appropriate candidates seem to
be fundamental open membranes with a small length. In four dimensions they will
appear as strings with a small tension. We make an observation that, in the presence
of the vector bundle moduli, it might be possible to stabilize a five-brane very close to
the visible sector so that a macroscopic open membrane connecting this five-brane and
the visible brane will have a sufficiently small length. We also discuss how to embed
such cosmic strings in heterotic models with stable moduli and whether they can be
created after inflation.
1 Introduction
String theory seems to have appropriate candidates for cosmic strings. The possibility of
viewing superstrings as cosmic strings was first discussed by Witten in [1]. He pointed out
some serious problems in this direction. For example, one of the common problems is that
the tension of fundamental superstrings is much bigger than the observational bound on the
cosmic string tension. Another very common problem is that cosmic superstrings appear as
boundaries of axion domain walls. This will force the strings to collapse after the axion gets
a mass [2].
Cosmic strings in the context of string theory were recently reconsidered in [3, 4, 5, 6]. It
was argued that the previous problems might be avoided thanks to recent developments in
string theory, including D-, NS- and M-branes, compactifications with large warp factors and
models with large extra dimensions. In particular, small tension of cosmic superstrings can be
explained by a large warp factor. A systematic analysis of fundamental and Dirichlet cosmic
strings was performed by Copeland, Myers and Polchinski in [6]. Results obtained in [6]
suggest that in type IIB compactifications (at least in models with many Klebanov-Strassler
throats [7]) it is possible to have brane/anti-brane inflation [8] followed by production of
metastable F- and D-strings and de Sitter (dS) vacua [9]. Furthermore, it was proposed
in [10, 11, 12] that cosmic D-strings can be identified with solitons in supergravity with
Fayet-Iliopoulos (FI) terms. A holographic dual of D-strings in the throat was studied
in [13].
The most phenomenologically attractive four-dimensional vacua arise in string/M-theory
from compactifications of strongly coupled heterotic string [14, 15, 16]. Recently, it was
demonstrated [17, 18] that heterotic string theory on smooth non-simply connected Calabi-
Yau manifold with Z3×Z3 homotopy group can give rise to a four-dimensional theory whose
spectrum differs form the spectrum of the Standard Model only by one extra Higgs multiplet.
A progress has also been made in heterotic models towards moduli stabilization [19, 20, 21,
22, 23] and inflation [24, 25]. In this paper, we ask a question whether it is possible to find
cosmic strings in heterotic compactifications with stable moduli. In section 2, we discuss
several ways how cosmic strings could be created and come to conclusion that the only
candidates seem to be fundamental open membranes with a small length. In four dimensions,
an open membrane appears as a string. Such membranes could arise if one of five-branes
is stabilized close to one of the orbifold fixed planes. In section 3, we show that it might
be possible to stabilize a five-brane close to the visible brane due to its non-perturbative
1
interaction with the vector bundle moduli. In section 4, we discuss stabilization of the
remaining moduli. We slightly generalize the earlier results [20, 23] and point out that it
should be possible to stabilize the interval in the phenomenological range in the presence of
many five-branes in the bulk without any extra assumptions. Cosmic strings are unstable
in the presence of axion domain walls. In [6], it was shown that axion domain walls will
not be formed if the axion is charged under a U(1) gauge group. In heterotic string theory
this happens if in four dimensions there is an anomalous U(1) whose anomaly is canceled by
the Green-Schwarz mechanism [26]. However, to keep this argument valid, it is important
that the axion does not receive any potential. Since in heterotic M-theory the axion is the
imaginary part of the volume multiplet [27, 28], no superpotential for the volume should
be present. This makes it difficult to stabilize the volume. Fortunately, the presence of
the anomalous U(1) implies the presence of volume-dependent FI-terms. We show that
together with the F-terms, the FI-terms naturally provide stabilization of all moduli in a
non-supersymmetric Anti de Sitter (AdS) vacuum. In subsection 4.2, we speculate how
cosmic strings can be embedded into compactifications with dS vacua. We show that it
might be possible in non-supersymmetric compactifications. In section 5, we discuss how
the cosmic strings, studied in this paper, can be created after inflation.
2 Cosmic Strings in Heterotic M-theory
In this section, we will point out that it is harder to find string-like objects in Calabi-Yau
compactifications of heterotic M-theory comparing to type II compactifications. Let us start
with discussing whether cosmic strings can arise after inflation considered in [24]. The infla-
tionary phase in [24] is represented by a five-brane, wrapped on an non-isolated genus zero or
a higher genus holomorphic curve in a Calabi-Yau threefold, approaching the visible brane1.
It was argued in [24] that as the five-brane comes too close the transition vector bundle
moduli [29, 30] associated with this holomorphic curve become tachyonic terminating infla-
tion. In the post-inflationary phase, the five-brane disappears (becomes massive) through the
small instanton transition [31, 32, 33], whereas the transition vector bundle moduli can be
stabilized by non-perturbative effects. Thus, the post-inflationary physics does not contain
any rolling moduli. All the remaining moduli are stabilized both during and after inflation.
The cosmological constant, generically, changes after the small instanton transition. This
1Throughout the paper, we will refer to one of the orbifold fixed planes as to the visible brane, or the
visible sector, and to the other one as to the hidden brane, or the hidden sector.
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leads to the possibility of obtaining dS vacua with a small cosmological constant in the
post-inflationary phase. A five-brane wrapped on a Riemann surface of genus one or higher
carries one or more U(1) gauge fields on its world-volume [34]. For simplicity, consider a
five-brane wrapping a torus so that there is only one U(1) factor. During the small instanton
transition, this U(1) gets broken. Therefore, it seems conceivable that cosmic strings can be
created by the Kibble mechanism [35]. However, it is not the case. First problem is that
the small instanton transition may not be describable by field theory, whereas the Kibble
argument is based on the Lagrangian description. Second, even if there is a field theory
description of the small instanton transition (one might expect it if a Calabi-Yau threefold is
not simply connected), one should recall that the theory we deal with is the S1/Z2 orbifold.
Therefore, when a five-brane coincides with one of the orbifold fixed plains, it also coincides
with its image. In this case, one should expect that the gauge group which gets restored
is SU(2). As a result, after the small instanton transition the group which is broken is
SU(2) and no strings are formed. This set-up has one more candidate for cosmic string in
the vector-bundle branch. When a five-brane coincides with an orbifold fixed plane, a ten-
sionless string arises [36]. Can it get a tension in the vector bundle branch, with its tension
being set by the vector-bundle moduli? The answer is again negative. This tensionless string
should be understood as the analog of a monopole becoming light. This analogy suggests
that this string will get a tension in the five-brane branch. In the vector bundle branch, it
will not exist for the same reason why monopoles do not exist in the Higgs branch. This
discussion demonstrates that no cosmic strings are formed after inflation presented in [24].
Below, in the paper, we will modify the set-up of [24] to allow cosmic strings to be formed
after inflation.
Let us now discuss whether it is possible to create cosmic strings after a hypothetical
(not yet constructed) five-brane/anti-five-brane inflation. After five-brane/anti-five-brane
annihilation, a membrane bound state can be formed [37]. This membrane will be parallel
to the orbifold fixed planes. If our Calabi-Yau threefold is non-simply connected, one can
wrap such a membrane on a one-cycle with non-trivial pi1 and form a string. However, this
string will be stable in M-theory but not in heterotic M-theory. A membrane parallel to the
orbifold fixed planes is not supersymmetric [38, 39]. Therefore, one should expect that it
will quickly annihilate with its image.
Our discussion shows that it is hard to find cosmic strings in heterotic M-theory. However,
we have not yet considered the most natural candidate, a fundamental open membrane. From
the four-dimensional viewpoint such a membrane looks like a string. The tension of such a
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string behaves as
µ ∼M311y, (2.1)
where M11 is the eleven-dimensional Planck scale and y is the length of the membrane in
the eleventh dimension. It is easy to estimate that in order to fulfill the observational bound
Gµ < 10−7− 10−6 (see, for example, [40] and references therein), the ratio of y to the size of
the interval piρ should be of order
y
piρ
∼ 10−4 − 10−3. (2.2)
To obtain (2.2), we set the volume scale vCY and the interval scale piρ to be in the phe-
nomenological range, v
1/6
CY ∼ (10
16 GeV )−1 and piρ ∼ (1015 GeV )−1 and used the fact that
the eleven-dimensional and four-dimensional Planck scales, M11 and MP l, are related as
follows
M2P l = M
9
11vCY piρ. (2.3)
Production of strings with such a tension implies some constraints on the five-brane stabi-
lization. One of the five-branes in the bulk has to be stabilized very close to either one of
the orbifold fixed planes or another five-brane. In the next section, we will argue that it is
possible to stabilize a five-brane close to the visible brane. The key role in this process is
played by the vector bundle moduli and their interaction. In later sections, we will extend
results of section 3 to include the remaining moduli and the inflaton.
3 Five-brane Stabilization and Open Membranes with
a Small Length
We consider a Calabi-Yau compactification of heterotic M-theory with the following complex
moduli
S, T I , Y, Zα; Y0, φi. (3.1)
Here S = V + iσ, where V is the volume modulus and a is the axion, T I ’s are the Kahler
moduli. They are constructed as follows [27, 28]
T I = RbI + ipI , I = 1, . . . , h1,1, (3.2)
where R is the interval modulus, bI are the (1, 1) moduli of the Calabi-Yau threefold and pI ’s
come from the components of the M-theory three-form C along the interval and the Calabi-
Yau manifold. The moduli Y and Y0 correspond to five-branes wrapped on an isolated genus
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zero holomorphic curve in the Calabi-Yau threefold. The real part of each of the two five-
brane multiplets is the position of the corresponding five-brane in the interval. We denote
them by y and y0 respectively. The imaginary part is related to the axions on the five-brane
worldvolume. See [41] for details. One five-brane is needed to stabilize the interval in a
phenomenological range as in [20], [23]. This five-brane has to be located relatively close to
the hidden brane. The other five-brane will be the one that we will attempt to stabilize in
this section close to visible brane so that eq. (2.2) is satisfied. Zα are the complex structure
moduli, whose actual number is irrelevant. We will assume that the (3, 0, 1) flux G is turned
on. Such a flux produces the superpotential for Zα of the form [42, 43]
Wf =
M2P l
vCY piρ
∫
dx11
∫
CY
G ∧ Ω. (3.3)
This superpotential is expected, generically, to stabilize all the complex structure moduli.
We will assume that it is the case. We will also assume that the complex structure moduli
are stabilized at slightly higher scale that all the other moduli so that Wf can be considered
as constant in the low-energy field theory. At last, φi are the moduli of the vector bundle
on the visible brane. For simplicity, we will assume that the bundle on the hidden brane
either is trivial or does not have any moduli. The moduli V and R are assumed to be
dimensionless and normalized with respect to the reference scales vCY ∼ (10
16 GeV )−1 and
R ∼ (1015 GeV )−1. The moduli y and y0 are also dimensionless and less that R. To obtain
the four-dimensional coupling constants in a phenomenological range, V and R have to be
stabilized at (or be slowly rolling near) a value of order one.
In this section, we will concentrate on the moduli Y0 and φ assuming that all the other
moduli are stable. They will be considered in the next section. The Kahler potential of the
system (in the four-dimensional Planck units) is given by
K(Y0, φ) = K0 +K1(Y0 + Y¯0)
2 + kK(φ). (3.4)
Here K0 and K1 are functions of the remaining moduli independent of Y0 whose precise form
is irrelevant for us. K(φ) is the Kahler potential for the vector bundle moduli φi and k is a
dimensionless parameter of order 10−5 [20]. It is much less than one because the gauge sector
in Horava-Witten theory [14, 15] arises at the sub-leading order in the gravitational coupling
constant comparing to the gravity sector. The superpotential (in the four-dimensional Planck
units) is given by
W = W0 + αPfaff(D−)e
−τY0. (3.5)
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Here the second term is the non-perturbative superpotential due to a membrane instan-
ton [44, 45, 46, 38, 39, 47, 48], with α being a dimensionless parameter, and W0 is the
superpotential depending on the remaining moduli. For our purposes it is a constant. The
parameter τ is given by
τ =
1
2
(piρ)v(
pi
2κ11
)1/3, (3.6)
where v is the area of the holomorphic curve on which the membrane is wrapped. Generically,
it is of order 100. Pfaff(D−) is the Pfaffian of the Dirac operator depending on the vector
bundle moduli. It is very difficult to compute it explicitly because no gauge connections
on Calabi-Yau threefolds are known. However, in [47, 48], this factor was computed in
a number of examples for the case the Calabi-Yau threefold elliptically fibered over the
Hirzebruch surface using algebraic geometry techniques. It was found to be a high degree
homogeneous polynomial in the vector bundle moduli. We will denote it as P(φ). If the five-
brane is close to the visible sector, all other φi and Y0 contributions to the non-perturbative
superpotential are negligibly small. If we ignore all other moduli (they will be discussed
later), the minimum of the potential energy for the Y0, φi system is given by
DφiW = 0, DY0W = 0, (3.7)
where DW is the Kahler covariant derivative, DW = ∂W + W
M2
Pl
∂K. From eqs. (3.4) and
(3.5) we have
DφiW =
∂P(φ)
∂φi
e−τY0 + k
∂K(φ)
∂φi
W = 0 (3.8)
and
DY0W = −τP(φ)e
−τY0 + 4K1y0W = 0. (3.9)
It is easy to realize that since τ is much bigger than one and k is much less than one, in
the second terms of eqs. (3.8) and (3.9), we can replace W with W0. If the degree of the
polynomial P(φ) is sufficiently high, the first terms is eqs. (3.8) and (3.9) are practically
the same. The second term in eq. (3.8) is proportional to k whereas the second term in
eq. (3.9) is proportional to y0. These two equations are consistent only if y0 ∝ k, that is y0
is much less than one. Whether or not the solution for y0 is consistent with (2.2) depends on
details of the compactification, in particular, on the Kahler potential K(φ) which is unknown
how to evaluate explicitly on a Calabi-Yau threefold. Nevertheless, the form of eqs. (3.8)
and (3.9) suggests that in some models it might be possible to find a solution for y0 consistent
with (2.2).
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To get a better understanding how a solution for y0 might look like, let us make a
reasonable model for the Kahler potential K(φ). Let us choose, for simplicity, K(φ) to be
flat
K(φ) =
∑
i=1
|φi|
2. (3.10)
It corresponds to the Kahler potential for the size and orientation moduli of centered Yang-
Mills instantons on R4 if the number of moduli φi is even [49, 50, 51]. The Pfaffian will
be assumed to be a generic homogeneous polynomial of degree d. It is obvious that for a
generic Pfaffian it is possible to find a solution for the phases of φ’s and the imaginary part
of Y0. Let ri be the absolute value of φi. Consider eqs. (3.8) for ri. Since we are interested in
solutions with τy0 << 1, the exponential factor e
−τy0 in eqs. (3.8), (3.9) can be set to unity.
Then using eq. (3.10), eqs. (3.8) for ri can be written as follows
Fi(rj) =
k|W0|
αd
, (3.11)
where each Fi is a homogeneous function of rj of degree d−2. The factor d in the denominator
in the left hand side comes form differentiating the Pfaffian2. From eqs (3.11) it follows that
every ri is of the form
ri ∝
(
k|W0|
αd
)1/(d−2)
, (3.12)
where the proportionality coefficient is a number depending on details of the Pfaffian. Then
from eq. (3.9) it follows that
y0 ∼
ατ
4K1|W0|
(
k|W0|
αd
)d/(d−2)
. (3.13)
If d >> 1, we have
y0 ∼
τk
4K1d
. (3.14)
Taking, for example, k ∼ 10−5, τ ∼ 100, d ∼ 10, 4K1 ∼ 1, we find that
y0 ∼ 10
−4 (3.15)
which is consistent with condition (2.2). Note that y0 is inverse proportional to d. A large
value of d, which is consistent with results of [47, 48], might also be a reason for a small
value of y0.
In this section, we demonstrated that it is possible to stabilize a five-brane, wrapped on an
isolated genus zero holomorphic curve, close to the visible brane. From the four-dimensional
2Without loss of generality, we can assume that the Pfaffian contains terms rdj .
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viewpoint, a macroscopic open membrane stretched between this five-brane and the visible
brane will look like a cosmic string with a relatively small tension which might be consistent
with the observational bound.
4 Stabilization of the Remaining Moduli
4.1 AdS Vacua
In this section, we will discuss how cosmic strings from section 3 can be embedded into
compactifications with stable moduli. For this we need to stabilize the remaining moduli
in (3.1), that is S, T I and Y . The moduli T I and Y can be stabilized by the same methods
as in [20, 23]. However, stabilization of S represents a problem. The imaginary part of S
is the axion. It has been known that cosmic strings of the type constructed in the previous
section are boundaries of axion domain walls [1]. If the axion gets a mass the strings become
unstable [2]. This problem can be avoided if the axion is charged under some U(1) [6]. In
heterotic M-theory such a situation occurs if there is an anomalous U(1) in four dimensions.
The anomaly of such a U(1) is canceled by the four-dimensional version of the Green-Schwarz
mechanism. The axion, in this case, transforms under U(1) as
δσ = λ. (4.1)
Now the axion becomes a pure gauge degree of freedom and can be gauged away. As a result,
no axion domain walls are formed. The above arguments will become invalid if the axion
receives a potential. This, in particular, indicates that stability of cosmic strings requires
that no superpotentials for the S modulus should be present. An anomalous U(1) whose
presence, as we just explained, is important for stability of cosmic strings, gives rise to the
moduli dependent FI-terms [26]. In heterotic M-theory they are of the form [23]
UFI
M4P l
∼
g2
V 2
. (4.2)
Here g is the gauge coupling constant which is itself moduli dependent
g2 =
g20
Re(S + . . . )
, (4.3)
and the ellipsis stands for the T I- and Y -dependent corrections. The precise form of the
corrections depends whether an anomalous U(1) is in the visible or in the hidden sector. They
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can be found, for example, in [34]. To simplify equations below, we will assume that they
are small and can be ignored. Their presence can be shown not to lead to any conceptually
new results below. The order of magnitude of UFI was estimated in [23] and was found to
be, generically of order
W 2
f
M2
Pl
.
As we said, the moduli T I and Y can be stabilized by methods presented in [20, 23]. Let
us briefly discuss them with a slight generalization. For simplicity, we will consider the case
h1,1 = 1. Generalizations for h1,1 > 1 is straightforward but technically more complicated.
In this case, there is only one T -modulus whose real part is the length of the interval. If the
five-brane whose modulus has been denoted by Y is located close to the hidden sector, the
leading contribution to the superpotential W0 is of the form
W0 =Wf + βe
−τ(T−Y ). (4.4)
The scale of the coefficient β will be assumed to be set by the eleven-dimensional Planck
scale. The equation of motion for R, schematically, is [20, 23]
e−τ(R−y) ∼
|Wf |
βτ
. (4.5)
In order this equation to have a solution, the right hand side has to be less than one.
First, Wf is quantized in units of (
κ11
4pi
)2/3. Therefore, in the limit of large volume and
large interval, the ratio
|Wf |
β
is less than one. Second, the order of magnitude of Wf might
be reduced by Chern-Simons invariants [21]. Third, τ is much greater than one. This
guarantees that, generically, the right hand side in eq. (4.5) is less than one. However, to
stabilize R in the phenomenological regime, R ∼ 1, the five-brane Y has to be stabilized close
to the hidden sector so that R− y is sufficiently small. Whether or not Y can be stabilized
close enough depends on details of the compactification. However, there is one obvious
possibility of making R − y small, which has not been considered before. Let us assume
that in the bulk there are N five-branes wrapped on the same holomorphic curve. Open
membrane instantions will generate contributions to the superpotential inverse proportional
to the exponent of the length between the five-branes. Then the equation of motion for the
i-th five-brane will, schematically, be as follows
−βie
−τ(yi−yi−1) + βi+1e
−τ(yi+1−yi) ∼
|Wf |
τ
. (4.6)
Writing similar equations for all N five-branes and the interval, it is possible to show that
the five-branes and the interval will be stabilized in such a way that the distance between
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any two adjacent objects will approximately be the same and, therefore, of order R
N
. Taking
N big enough, it is always possible to find a solution
R ∼ 1. (4.7)
from eq. (4.5).
Let us point out that our analysis in section 3 and in the present section shows that a five-
brain in the bulk might have several different minima. In particular, there is a minimum close
to the visible sector whose existence is due to the vector bundle moduli. On the other hand,
there is a minimum at a generic point in the interval due to the non-perturbative exponential
interaction with the adjacent branes (five-branes or the end-of -the-world branes) on the left
and on the right. Putting N five-branes will make the distance between any two adjacent
branes of order R
N
.
However, stabilization of the volume becomes a problem. In [20, 21, 23], the volume was
stabilized by balancing the gaugino condensation superpotential against the fluxes. As we
pointed out, any volume dependent superpotential is also a potential for the axion which will
destabilize cosmic strings. Thus, in this paper, we will assume that no superpotential for the
S-modulus is generated. In this subsection, we will consider the simplest potential for the
volume generated by the Kahler potential and by the FI-terms. Note that existence of the FI-
terms is not an extra assumption. It already follows from existence of anomalous U(1) which
is necessary to gauge away the axion. The Kahler potential for S is as follows [27, 28, 41]
K(S) = − ln(S + S¯) +
c
S + S¯
, (4.8)
where c depends on T I- and Y -moduli which are assumed to be stable in this paper. To keep
the metric in the S, T I , Y moduli space positive definite, at least in the large volume and
the large interval limit, c has to be sufficiently small so that the second term is sub-leading.
Then by studying equations of motion for V , it is possible to realize that the second term
in (4.8) does not play an important role in existence of extrema in the V -direction. Thus, for
simplicity, we can assume that c is sufficiently small and can be ignored to the leading order.
It is also possible to show that the Kahler covariant derivatives for Kahler and five-brane
moduli will be shifted from zero by terms proportional to 1
τ
which is much less than one.
Thus, approximately, dynamics of V is governed by the potential3
U(V ) = eK(S)[G−1
SS¯
DSWDS¯W¯ − 3WW¯ ] + UFI ≈ −
A
V
+
B
V 3
. (4.9)
3The FI terms will modify equations of motion for the interval and the five-branes. However, since the
order of magnitude of FI terms is the same as that of the fluxes, a solution for these moduli will still exist.
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U
V
Figure 1: Potential U(V ) (appropriately normalized) for A = 3, B = 1. There is an AdS
minimum.
Here A and B are constants (depending on vevs. of other moduli). The scale of A is set
by the fluxes and the scale of B is set by the FI-terms. Generically, both A and B are of
the same order of magnitude [23]. This potential has a non-supersymmetric AdS minimum.
See fig. 1. Our discussion in this section shows that it is conceivable to find stable cosmic
strings in heterotic compactifications with a stable non-supersymmetric AdS vacuum.
To conclude this subsection, let us make sure that addition of new moduli does not
destabilize the moduli φ and y0 from section 3. It is easy to show that up to terms linear in
y0 the equation of motion for φi is still
DφiW = 0. (4.10)
Similarly, taking into account the precise dependence of the FI-terms on y0 [34, 23], one can
show that eq. DY0W = 0 is modified by terms linear in y0. This means that the form of
eqs. (3.8) and (3.9) will not change and a solution y0 << 1 will still exist.
4.2 dS Vacua?
Let us now discuss how these results can be extended to compactifications with dS vacua.
The most common strategy to obtain dS vacua [9, 52, 23] is to use the F-terms to obtain a
supersymmetric AdS vacuum and then raise with extra terms (breaking supersymmetry) in
the potential energy. However, as we discussed in the previous subsection, in the presence
of cosmic strings it is problematic to obtain a supersymmetric AdS vacuum because we
cannot use a superpotential for the volume multiplet. As a result, we had to use FI-terms
to stabilize the volume rather than to raise an AdS vacuum. One way to create dS vacua
11
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0.02
0.03
0.04
0.05
U +∆U
V
Figure 2: Potential U(V )+∆U(V ) (appropriately normalized) for A = 0.25, B = 1.2, C = 1.
There is a dS minimum.
can be to stabilize the volume by higher order corrections to the Kahler potential. This was
studied recently in type IIB compactifications in [53, 54, 55]. However, it is not known how
to extend these results to M-theory. One can also worry that, generically, this approach will
stabilize the volume away from a phenomenologically interesting range. Another approach
could be to search for extra corrections to the potential, in addition to the F-terms and
the FI-terms. Such corrections arise, for example, in non-supersymmetric compactifications,
which, in general, represent an approach for obtaining dS vacua [23, 56].
Below, we will show that under some conditions a dS vacuum can be found in non-
supersymmetric E8 × E¯8 compactifications. In such compactifications, there is an extra
volume-dependent contribution to the potential of the form [23]
∆U(V ) =
a
V
. (4.11)
The coefficient a depends on the h1,1 moduli and on the interval. Generically, its order of
magnitude is bigger than that of the fluxes and the FI-terms. However, it depends on the h1,1
moduli. Here, we will assume that the h1,1 moduli are stabilized in such a way that ∆U(V )
is comparable with U(V ). It would be interesting to understand under what circumstances
it is possible to stabilize a two-cycle at a very small size. We will not discuss it in this paper.
Let us consider the potential U(V ) +∆U(V ) including linear terms in c
V
. It looks as follows
U(V ) + ∆U(V ) =
A′
V
−
C
V 2
+
B
V 3
. (4.12)
Here A′ is a − A. We will assume that it is positive. C is linear in c. It is always positive
and comes from the factor eK(S) in eq. (4.9). It is obvious that under some conditions on
the parameters A′, B and C, this potential can have a metastable dS vacuum. See fig. 2.
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5 Inflation
In this section, we will briefly discuss whether cosmic strings studied in this paper can be
formed after inflation. For concreteness, we will consider the inflationary model of [24]. One
should also be able to extend this discussion to another heterotic M-theory inflation studied
in [25].
To the system of moduli in eq. (3.1), we add another five-brane multiplet corresponding
to a five-brane wrapped on a non-isolated genus zero or higher genus holomorphic curve.
Moduli of such a five-brane will not have any non-perturbative superpotential. Instead,
the translational modulus has a potential with inflationary properties4. The process of
inflation is represented by such a five-brane approaching the visible brane. It was argued
in [24] that when the five-brane comes close to the visible sector, the transition vector
bundle moduli [29, 30] become tachyonic and terminate inflation. Eventually, the five-brane
disappears through the small instanton transition which modifies the vector bundle on the
visible brane, in particular, new vector bundle moduli are created which can be stabilized
by non-perturbative effects. Thus, formation of macroscopic open membranes with a small
length should be related to this change of the vector bundle.
Since after the small instanton transition, the vector bundle, the number of the vector
bundle moduli and the Pfaffian change, the position of the five-brane discussed in section
3 will also change. This could explain why it is stabilized close to the visible sector only
after inflation. For example, let the bundle before inflation not have any moduli. Then
from discussion in section 3 it follows that no minimum for the five-brane close to the visible
sector will exist. Therefore, in this case, the five-brane will be stabilized at a generic point
along the interval. After inflation, vector bundle moduli will be created and, according to
our discussion in section 3, they might force the five-brane to move closer to the visible sector
so that eq. (2.2) is satisfied. The presence of vector bundle moduli might also stabilize a
five-brane close to the visible brane after inflation in the model proposed in [25]. Thus, it
might be possible to create cosmic strings in the inflationary scenario in [25]. It would be
interesting to understand it in detail.
4In [24], the extra five-brane multiplet had a superpotential due to a gaugino condensate in the hidden
sector. In this paper, we are assuming that this superpotential is zero because it would also be a potential
for the axion. However, performing the same analysis as in [24], it is not hard to show that in the absence
of the gaugino condensation superpotential, the potential for the inflaton will be exactly of the same form
as in [24].
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